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Electron spin resonance~ESR! of Gd31 in the normal state (T.Tc) of R12xGdxNi2B2C (R5Y,Lu) is
reported. The results show that the exchange coupling between the rare-earth localized magnetic moment and
the conduction electrons depends on the conduction electrons momentum transfer (ukF
in2kF
outu5q), i.e.,Jf s(q).
The temperature dependence of the ESR linewidth yields a value for one of the exchange parameters,
^Jf s
2 (q)&EF
1/2, which is in agreement with that estimated from the slope of the initial linear decrease ofTc by the
Gd31 impurities. These results indicate that theR12xGdxNi2B2C (R5Y,Lu) compounds behave as conven-












































The series of quaternary intermetallic rare-earth nic
borocarbidesRNi2B2C (R 5 rare earth! compounds
1 have
recently attracted great interest due to their relatively h
superconducting temperatures (Tc516.6 K for R5Lu and
Tc515.5 K for R5 Y!.
2 The magnetic anisotropy and coe
isting superconductivity~SC! with the antiferromagnetic
~AF! ordering associated to the magnetic rare-earthsR ele-
ments (TN"Tc),
3–5 have strongly motivated the scientifi
community to study these materials. The interplay betw
SC and magnetism in these materials resembles that o
ternary ErRh4B 4 and HoMo6S8 compounds.
6 The incom-
mensurate modulated magnetic structure shown by neu
diffraction experiments in HoNi2B2C ~Ref. 7! at tempera-
tures between TN'5 K and Tc'7.5 K, and the suppressio
of SC by the substitution of Dy by Lu in DyNi2B2C,
8 were
interpreted in terms of amagnetic pair breaking in the
RNi2B2C (R5Er,Dy) compounds. The structure of th
RNi2B2C compounds is a filled variant of the body-center
tetragonal~bct! ThCr2Si2 ~space groupI 4 /mmm) with Ni
layers perpendicular to thec axis.9 This structure is qualita-
tively similar to that of the layered cuprate high-Tc super-
conductors. However, no local magnetic moment or AF s
correlations on the Ni sublattice have been found.10 In addi-
tion, electronic band structure calculations suggest that
RNi 2B2C compounds are 3Dd-band metals and that the S
is mediated by the conventional electron-phonon B
mechanism.11–13 Experimental support for this is given b
tunneling spectroscopy14 and boron isotope effect15 measure-
ments in these materials.
It is known that by means of electron spin resonan
~ESR! of dilute rare-earth magnetic impurities~i.e., Gd31) in
the normal state of BCS-type superconducting compound
is possible to determine the exchange parameters betw
the localized magnetic impurity and the conduction electr
~CE’s!.16 It was also shown that the exchange parameter













~Korringa rate!, was comparable with that extracted from th
slope of the initial linear decrease ofTc by the magnetic
impurities, as predicted by the Abrikosov Gorkov~AG!
theory.16,17 The present work’s goal is to measure, by mea
of ESR, the exchange parameters between the localized m
netic moment of Gd31and the CE’s in the normal state of th
RNi2B2C (R5Y,Lu) compounds, and to compare the val
obtained from the Korringa rate with the one obtained fro
the reduction ofTc by the Gd
31 impurities.
II. EXPERIMENT
Single crystals of Lu12xGdxNi2B2C (x'0.005) were
grown at the Ames Laboratory by the high-temperature fl
growth method described elsewhere.3,18 The
Y12xGdxNi2B2C (x'0.005) samples were made at th
CBPF Laboratory in a polycrystalline form by the ar
melting technique.19 The structure and phase purity we
checked by x-ray powder diffraction and the crystals orie
tation determined by the usual Laue method. The ESR
periments were carried out in a conventional Varian E
spectrometer using a TE102 room-temperature cavity. The
sample temperature was varied using a helium gas flux t
perature controller. To increase the ESR signal to noise ra
the temperature dependences of the spectra were take
powdered samples. Magnetization measurements have
done in a Quantum Design dc superconducting interfere
device magnetometer. The temperature dependence o
magnetic susceptibility in the normal state was measured
creasing the temperature, after zero field cooling~ZFC!, in a
field of 5 kOe. Table I gives the Gd31 concentration esti-
mated from the fitting of the magnetic susceptibility data to
Curie-Weiss law.
III. EXPERIMENTAL RESULTS
Figure 1 shows the Gd31 ESR powder spectra observed
the normal state atT518 K for R12xGdxNi2B2C (R3668 © 1998 The American Physical Society
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g a b c g b DTc
Dc




Lu12xGdxNi2B2C 2.035~7! 165~10! 13~1! 0.5~2! 19~2!
a 2.67~10!X1024 a 20.65~4! a
Y12xGdxNi2B2C 2.03~3! 830~30! 11~2! 2.1~2! 18.7~5!

























5Y, Lu! compounds withx'0.005 for R5Lu(Tc'16 K!
and x'0.02 for R5Y(Tc'15 K!. The spectra show the
usual Dysonian type of line shape,20 characteristic of metal-
lic sample particles of dimensions much larger than the s
depth. The dashed lines in Fig. 1 are the best fit of the
perimental spectra to a Lorentzian admixture of absorp
and dispersion derivatives.21 From these fittings the line
width DH and theg value are obtained.
Figure 2 presents the temperature dependence of
Gd31 ESR linewidth for the samples of Fig. 1. The observ
linear thermal broadening ofDH indicates that the Gd31
localized magnetic moment relax to the lattice via an
change coupling with the CE’s, known as the Korrin
mechanism.16 The dashed lines are the best fit of the data
DH5a1bT.
Several samples of Gd concentrations in the range
tween 0.5 to 2 % were measured. Within the accuracy of
measurements, theb andg values were concentration inde
pendent and the residual linewidtha increases with the Gd
concentration. Theg value was found to be temperature i
dependent within the experimental error. Table I shows
experimental parameters obtained withx'0.005 for the Lu-
based sample andx'0.02 for the Y-based sample.
We were unable to measure the ESR of Gd31 in the su-
perconducting state (T,Tc) of the R12xGdxNi2B2C (R
5Y,Lu) compounds. This is usually an extremely difficu
measurement due to~i! the large change in the loaded cavi
quality factor (Ql) between the normal and superconducti
FIG. 1. ESR spectra of Gd31 in ~a! Lu12xGdxNi2B2C for x









state and~ii ! the interaction between the vortices and t
microwave magnetic fieldhr f in the superconducting state
That results in a large frequency drift and nonresonant
crowave absorption in the ESR detector system.
IV. ANALYSIS AND DISCUSSION
The exchange interactionJf sS•s between a localized 4f
electron spin~S! on a solute atom (Gd31) and the free CE’s
spin ~s! of the host metal, causeg shift ~Knight shift!22 and
thermal line broadening~Korringa rate!23 of the ESR spectra
Conduction electron-electron exchange enhancement24,25and
the q-dependent exchange interactionJf s(q) ~Ref. 26! are
often used in the analysis of the ESR data.27 Jf s(q) is the
Fourier transform of the spatially varying exchange co
pling. In this case, and when ‘‘bottleneck’’ and ‘‘dynamic
effects are not present, theg shift (Dg) and Korringa rate


















whereJf s(0) and^Jf s
2 (q)&EF are the effective exchange pa
rameters between the Gd31 local moment and the CE’s in
the presence of CE’s momentum transfer„q5ukF
in2kF
outu
FIG. 2. Temperature dependence of the Gd31 ESR linewidth for
the two samples shown in Fig. 1.
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ESR SC






eV mol spin K meV meV meV
Lu12xGdxNi2B2C 2.20~7! ' 0.8
a '345a '0.2a '0.8a 15~2! 10~4! 11~3!
Y12xGdxNi2B2C 2.05~6! '0.9











































….26 Under these assumptions the Gd31 g
shift measures the CE’s polarization (q50), and the Kor-
ringa rate the CE’s momentum transfer (0<q<2kF) aver-
aged over the Fermi surface.26 (12a)21 and K(a) are the
Stoner and the Korringa enhancement factors, respectiv
due to the electron-electron exchange interaction.27,29,30
h(EF) is the ‘‘bare’’ density of states for one spin directio
at the Fermi surface,k is the Boltzmann constant,mB is the
Bohr magneton, andg is the Gd31 g value.
Equations~1! and~2! are appropriated for the analysis
ESR data of diluted rare earths in metallic hosts with app
ciable CE’s spin-flip scattering, i.e., theunbottleneckregime.
We found in this work that theg value andb parameter do
not depend on the Gd31 concentration. Hence, it is expecte












In our analysis the contribution from different CE’s ban
will be neglected, because the measured thermal broade
of the linewidths are much smaller than those expected f
the measuredg shifts.31
In a superconductor the electron-phonon interaction
hances the CE’s effective mass, and in turn the density
states at the Fermi level. Thus, the Sommerfield’s param
is usually written asg5(2/3)p2k2(11l)h(EF), wherel is
the electron-phonon coupling constant.32 The RNi2B2C (R
5Y,Lu) compounds have been classified as intermed
coupled electron-phonon-mediate superconductors, withlY
'0.9 ~Ref. 33! and lLu'0.8.
34 The electronic contribution
to the heat capacityg for the Lu- and Y-based compound
were measured and their values are shown in Table I. N
using theg andl values, the density of states at the Fer
level h(EF) can be estimated for the Y- and Lu-based co
pounds~see Table II!. The extracted values forh(EF) are in
good agreement with the theoretical ones obtained from b
calculations.35,36 In addition, electron-electron exchange e
hancement is important in these systems and has been e
ated by NMR measurements35 for the Y-based compound
and from theoretical calculations for the Lu-bas
compound.36 The values ofa, from the Stoner enhanceme
factor (12a)21 andK(a) are given in Table II.
Using in Eq.~3! the g value of Gd31 in insulators as a
reference, 1.993~2!,37 pk/gmB52.34310
4 Oe/K, and the
values ofDg, b, h(EF), a, andK(a) from Tables I and II,
the exchange parameters between the Gd31 local moment















II summarizes these parameters for Gd31 in RNi2B2C (R
5Y,Lu). Notice that the ratioŝJf s
2 (q)&EF
1/2/Jf s(0), areabout
the same for both systems. This suggests similar wave-ve
dependence of the exchange interaction for isomorphic c
pounds.
It is interesting to compare the exchange parame
^Jf s
2 (q&EF
1/2 obtained in our ESR experiments and that obtain
from the decrease ofTc by adding Gd
31 magnetic impuri-
ties, DTc /Dc. From the Abrikosov-Gorkov~AG! theory
17
we have that
UDTcDc U5~p2/8kB!^Jf s2 ~q!&EFh~EF!~gJ21!2J~J11!.
~4!
The values ofDTc /Dc, for both compounds, were take
from the literature38,8and are given in Table I. The values fo
^Jf s
2 (q)&EF
1/2 calculated using these data are in agreement w
those obtained in this work~see Table II!.
V. CONCLUSIONS
We have shown thatR12xGdxNi2B2C (R5Y,Lu) dilute
magnetic alloys behave as conventional three-dimensio
superconductors as far as the ESR and superconductin
sults are concerned. Taking into account the CE mass
hancement due to the electron-phonon couplingand the
electron-electron exchange enhancementa we found compa-
rable effective exchange parameters^Jf s
2 (q)&EF
1/2 from the
thermal broadening of the Gd31 ESR linewidth ~Korringa
rate! and the decrease ofTc by the Gd
31magnetic impurities
~AG!. This shows that the exchange coupling between
Gd31 local moment and the CE’s governs the impurity r
laxation and pair-braking processes.
Our ESR results (g-shift and Korringa rate! show that the
exchange interaction between the localized magnetic
ments and the CE’s involves only a single electronic cond
tion band. The exchange interaction is found to be stron
dependent on the CE’s momentum transfer (ukF
in2kF
outu5q)
and is of atomiclike@Jf s(0).0#.
ACKNOWLEDGMENTS
This work was supported by FAPESP Grant Nos. 9
4721-4 and 96/12585-6, Sa˜o Paulo-SP-Brazil, NSF-DMR
No. 9705155, NFS-INT 9602928, and by the Director f
Energy Research, Office of Basic Energy Sciences, U.S.























57 3671ELECTRON SPIN RESONANCE OF Gd31 IN THE . . .*Current address: Department of Physics, San Diego State Un
sity, San Diego, CA 92182.
1R. Nagarajan, C. Mazumdar, Z. Hussein, S. K. Dhar, K.
Golpakrishnan, L. C. Gupta, C. Godart, B. D. Padalia , and
Vijayaragharan, Phys. Rev. Lett.72, 274 ~1994!.
2R.J. Cava, H. Takagi, B. Batlogg, H. W. Zandbergen, J. J. K
jewski, W. F. Peck, R. B. van Dover, R. J. Felder, T. Siegrist,
Mmizuhashi, J. O. Lee, H. Eisaki, S. A. Carter, and S. Uchi
Nature ~London! 367, 146 ~1994!; 367, 252 ~1994!; 367, 282
~1994!.
3B.K. Cho, M. Xu, P. C. Canfield, L. L. Miller, and D. C
Johnston, Phys. Rev. B52, 3676 ~1995!; B.K. Cho et al., ibid.
52, 3684~1995!.
4P.C. Canfield, B. K. Cho, D. C. Johnston, D. K. Finnemore, a
M. F. Hundley, Physica C230, 397 ~1994!; K.D.D. Rathnayaka
et al., Phys. Rev. B53, 5688~1996!.
5B.K. Cho, P. C. Canfield, and D. C. Johnston, Phys. Rev. B53,
8499 ~1996!; B.K. Cho et al., ibid. 53, 2217~1996!.
6L.N. Bulaevskiet al., Adv. Phys.34, 175 ~1985!.
7A.I. Goldman, C. Stassis, P. C. Canfield, J. Zarestky, P. De
nagas, B. K. Cho, D. C. Johnston, and B. Sternlieb, Phys. Re
50, 9668~1994!; T.E. Grigereitet al., Phys. Rev. Lett.73, 2756
~1994!.
8B.K. Cho, P. C. Canfield, and D. C. Johnston, Phys. Rev. Lett.77,
163 ~1996!.
9T. Siegristet al., Nature~London! 367, 255 ~1994!.
10B.J. Suh, F. Borsa, D. R. Torgeson, B. K. Cho, P. C. Canfield
C. Johnston, J. Y. Rhee, and B. N. Harmon, Phys. Rev. B53,
6022 ~1996!.
11L.F. Mattheiss, Phys. Rev. B49, 13 279 ~1994!; R. Coehoorn,
Physica C228, 331 ~1994!; H. Kim et al., Phys. Rev. B52,
4592 ~1995!.
12W.E. Pickett and D.J. Singh, Phys. Rev. Lett.72, 3702~1994!.
13J.I. Lee, T. S. Zhao, I. G. Kim, B. I. Min, and S. J. Youn, Phy
Rev. B50, 4030~1994!.
14T. Ekino, H. Fujii, M. Kosugi, Y. Zenitani, and J. Akimitsu, Phys
Rev. B53, 5640~1996!.
15 D.D. Lawrie and J.P. Franck, Physica C245, 159 ~1995!.











Ricks, Phys. Rev. B5, 1711~1972!; C. Rettoriet al., ibid. 7, 1
~1973!.
17A.A. Abrikosov and L.P. Gorkov, Zh. E´ ksp. Teor. Fiz.39, 1781
~1960! @Sov. Phys. JETP12, 1243~1961!#.
18M. Xu, P. C. Canfield, J. E. Ostenton, D. K. Finnemore, B.
Cho, Z. R. Wang, and D. C. Johnston, Physica C227, 321
~1994!.
19S.L. Bud’ko, M. Elmassalami, M. B. Fontes, J. Mondragon, W
Vanoni, B. Giordanego, and E. M. Baggio-Saitovich, Physica
243, 183 ~1995!.
20G. Feher and A.F. Kip, Phys. Rev.98, 337 ~1955!; F.J. Dyson,
ibid. 98, 349 ~1955!.
21G.E. Pake and E.M. Purcell, Phys. Rev.74, 1184~1948!.
22K. Yosida, Phys. Rev.106, 893 ~1957!.
23J. Korringa, Physica~Amsterdam! 16, 601 ~1950!.
24T. Moriya, J. Phys. Soc. Jpn.18, 516 ~1963!.
25A. Narath, Phys. Rev.163, 232 ~1967!.
26D. Davidovet al., Solid State Commun.12, 621 ~1973!.
27C. Rettoriet al., Phys. Rev. B55, 1016~1997!.
28D. Davidovet al., Phys. Lett.35A, 339 ~1971!; C. Rettoriet al.,
Phys. Rev. B10, 1826~1974!.
29A. Narath and H.T. Weaver, Phys. Rev.175, 373 ~1968!.
30R.W. Shaw and W.W. Warren, Phys. Rev. B3, 1562~1971!.
31D. Davidovet al., Phys. Rev. B7, 1029~1973!.
32W.L. McMillan, Phys. Rev.167, 331 ~1968!.
33J.I. Lee, T. S. Zhao, I. G. Kim, B. I. Min, and S. J. Youn, Phy
Rev. B50, 4030~1994!.
34S.A. Carteret al., Phys. Rev. B50, 4216~1994!.
35B. J. Suh, F. Borsa, D. R. Torgeson, B. K. Cho, P. C. Canfield,
C. Johnston, J. Y. Rhee, and B. N. Harmon, Phys. Rev. B53,
R6022~1994!.
36Warren E. Pickett and David J. Singh, Phys. Rev. Lett.72, 3702
~1994!.
37A. Abragam and B. Bleaney,EPR of Transition Ions~Clarendon,
Oxford, 1970!.
38M. El Massalami, S. L. Bud’ko, B. Giordanego, M. B. Fontes,
C. Mondragon, and E. M. Baggio-Saitovitch, Physica C235-
240, 2563~1994!.
39R. Movshovich, M. F. Hundley, J. D. Thompson, P. C. Canfie
B. K. Cho, and A. V. Chubukov, Physica C227, 381 ~1994!.
